Background: Medicinal plants are widely used for the treatment of different infectious diseases. Infectious diseases caused by bacteria have a large impact on public health. This study aimed to determine the in vitro antibacterial activity of the medicinal plants traditionally used in Vietnam against the bacterial strains associated with infectious diseases. Methods: Methanol extracts of twelve Vietnamese medicinal plants were tested for their antibacterial activity against five bacterial species including Gram-positive bacteria (Bacillus cereus, Bacillus subtilis, and Staphylococcus aureus) and Gram-negative bacteria (Escherichia coli and Pseudomonas aeruginosa) using the broth microdilution method. Results: All the plant extracts showed antibacterial activity, especially against Gram-positive bacteria (Bacillus cereus, Bacillus subtilis, and Staphylococcus aureus). Baeckea frutescens extract revealed a potent activity against the Gram-positive bacteria with the minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of 62.5 μg/ml. High activity against all the three Gram-positive bacteria was also observed for the extracts of Cratoxylum formosum ssp. pruniflorum, Pogostemon cablin, and Pedilanthus tithymaloides with MICs of 125, 125 and 250 μg/ml and MBCs of 125-250, 125-250 and 250-500 μg/ml, respectively. The extracts of C. formosum ssp. pruniflorum and P. tithymaloides showed a broad-spectrum antibacterial activity against all the bacteria tested with the MICs of 125-2,000 μg/ml. Conclusion: This study indicates clear evidence supporting the traditional use of the plants in treating infectious diseases related to bacteria. In particular, these plant species showed moderate to high antibacterial activity against the Gram-positive bacteria tested.
Background
Since the mid-1970s, the emergence of a number of new pathogens and reemergence of older diseases has highlighted the fact that, contrary to expectations, epidemics of infectious disease remain a problem of public health concern [1] . Infectious diseases remain the largest global cause of death [1, 2] . They account for approximately one-half of all the deaths in tropical countries [2] . Many of these diseases are difficult to treat or have no specific effective therapy available. For most of these diseases, no vaccines are available [3] . Infectious diseases caused by bacteria have a large impact on public health [3, 4] . In recent years, the emergence of antibiotic resistance and the failure of chemotherapy are increasing [5] . Therefore, nowadays, the discovery of new natural antibacterial agents for treating infectious diseases is essential to prevent the spread of diseases and improve their treatment.
Similar to microorganisms, plants are a biologically and chemically diverse resource. It is estimated that there are 250,000 to 500,000 species of plants on the Earth [6] . Plants have been used as traditional medicines for the treatment of various diseases throughout most of human history. The use of plant extracts as medicinal treatments gained popularity in the late 1990s [7] . Plants are still an important source of medicines, especially in developing countries where the plant-based traditional medicines are still used to meet the healthcare needs [8] .
Despite the recent interest in drug discovery using molecular modeling, combinatorial chemistry, and other synthetic chemistry methods, natural product-derived compounds are still proving to be an invaluable source of medicines for humans [8] . Several recent studies have shown the increased interest in plant materials for their diverse pharmacological and biological properties including antibacterial activity [2, [9] [10] [11] [12] .
This study was aimed at validating the traditional use of selected Vietnamese medicinal plants against common bacteria, causing several human infections including Escherichia coli, Pseudomonas aeruginosa, Bacillus cereus, Bacillus subtilis, and Staphylococcus aureus [2, 4, 13] , by evaluating their in vitro antibacterial activity. The plants investigated in this study commonly used to treat the infectious diseases and the associated symptoms are listed in Table 1 . The collected plant materials were air-dried and finely powdered using a blender. To prepare methanol extracts of the plant materials, 10 g of each powdered plant material was extracted twice with 100 ml of methanol for 48 h at room temperature. The extracted suspensions were filtered through Whatman No. 1 filter paper, and the filtrates were concentrated to dryness using a rotary evaporator, and then stored at −20°C until further use. For the antibacterial activity assays, the extracts were dissolved in dimethyl sulfoxide (DMSO) at a concentration of 100 mg/ml and stored at 4°C as stock solutions.
Methods

Plant materials and extraction
Bacterial strains and culture conditions
Five bacterial species including two Gram-negative (Escherichia coli American Type Culture Collection, ATCC 25922 and Pseudomonas aeruginosa ATCC 9027) and three Gram-positive strains (Bacillus cereus ATCC 21768, Bacillus subtilis ATCC 6633, and Staphylococcus aureus ATCC 6538) were obtained from the ATCC (Manassas, VA, USA). The bacterial strains were cultured aerobically on nutrient agar (NA) plates at 37°C for 24 h. For the antibacterial activity test, the bacteria were aerobically cultured in nutrient broth (NB) at 37°C for 24 h, and then suspended in sterile saline at a density equivalent to that of the 0.5 McFarland standard. Bacterial suspensions with a concentration of 10 5 cfu/ml were used for in vitro antibacterial activity test.
Determination of antibacterial activity
The minimum inhibitory concentration (MIC) of each plant extract was determined using the broth microdilution method as described in our previous report [14] . Briefly, two-fold serial dilutions of each plant extract were added to the wells of sterile 96-well plates containing inoculated NB medium (100 μl) with bacterial cells (10 5 cfu/ml). The final concentrations of the plant extracts ranged from 15.63 to 2,000 μg/ml. DMSO (2 %) was used as the negative control, which did not affect the bacterial growth. Streptomycin sulfate and chloramphenicol (Sigma-Aldrich, USA) were used as positive controls against all the bacteria. Following a 24-h incubation at 37°C, the MIC was determined as the lowest concentration that completely inhibited the growth of the bacteria. The assay was repeated twice with two replicates for each extract against the individual bacterial species at all the test concentrations.
For the poorly water-soluble extracts, the MIC was determined according to the previously described method of Kurekci et al. with some modification [15] .
Iodonitrotetrazolium chloride (20 μl, 0.2 mg/ml, INT, Sigma-Aldrich) was added to the test wells at the completion of the incubation period, and this was further incubated at 37°C for 3 h. The presence of viable bacteria was determined based on the dye changing color from yellow to pink.
The minimum bactericidal concentration (MBC) of each extract was determined by withdrawing 20 μl of the bacterial broth suspension showing no color change, and then spreading it on NA plates, which were then incubated at 37°C for 24-48 h. The lowest concentration of the extract at which no bacterial growth was observed, was considered as the MBC.
Results and discussion
In this study, 12 plants from 10 different families were selected according to their traditional usage for the treatment of infectious diseases and associated symptoms. The identification of the studied plants by their scientific and common names, traditional use, parts Table 2 . Most of the extracts exhibited a broad antibacterial spectrum against the strains tested. The extracts of Cratoxylum formosum ssp. pruniflorum and Pedilanthus tithymaloides displayed broad-spectrum antibacterial activities against all the five strains tested with the MIC values in the ranges 125-2,000 and 250-2,000 μg/ml, respectively. The extracts of Pogostemon cablin and Pluchea indica showed the MIC values in the ranges 125-2,000 and 500-2,000 μg/ml, respectively, against four bacterial strains except P. aeruginosa. On the other hand, streptomycin sulfate and chloramphenicol used as positive controls showed strong antibacterial activities against both Gram-positive and Gram-negative bacteria like as the results of previous studies [17] [18] [19] .
Most of the plant extracts tested displayed impressive antibacterial efficacies against Gram-positive bacteria with the MIC values ≤ 1,000 μg/ml. In particular, the methanol extract of the leaves and branches of Baeckea frutescens showed a potent antibacterial activity against all the Gram-positive bacteria tested with the MIC and MBC values of 62.5 μg/ml each. High activity was also observed for the extracts of C. formosum ssp. pruniflorum and P. cablin (MIC, 125 μg/ml each and MBC, 125 and 250 μg/ml, respectively) followed by the extracts of Cinnamomum camphora and P. tithymaloides (MIC, 125-500 μg/ml and MBC values of 125-1,000 μg/ml). The extracts of Cannabis sativa and Cassytha filiformis were less active against the bacterial strains tested. In contrast, the antibacterial activity against the Gram-negative bacteria was shown only by some extracts with the MIC values of 1,000 and 2,000 μg/ml ( Table 2) . The results obtained in this study indicate that the Gramnegative bacteria were less susceptible to the plant extracts than the Gram-positive bacteria.
The antibacterial activities of most of the plants evaluated in this study were previously tested against a few bacterial strains as listed in Table 1 . However, not all of them were tested against the strains used in this study. Interestingly, no previous study has reported the antibacterial activity of Clematis vitalba, which showed a good activity against the Gram-positive bacteria with the MIC values in the range 250-500 μg/ml. To the best of our knowledge, this study is the first report on the antibacterial activity of C. vitalba.
The methanol extract of B. frutescens exhibited the most potent antibacterial activity with the MIC values of 62.5 μg/ml against the Gram-positive bacteria (Table 2) . Traditionally, decoction of leaves and flowers of this plant has been used to treat menstrual irregularities and essential oil of the plant to treat symptoms such as influenza, sores, and indigestion [20] . The plant was also used as a medicinal plant in China, Malaysia, and Indonesia [21] . Its antibacterial activity was reported in some previous studies against only Streptococcus mutans and S. aureus [21, 22] . However, detailed information on the antibacterial properties of B. frutescens is lacking. C. formosum ssp. pruniflorum belongs to the family Clusiaceae. The Cratoxylum genus distributed in several Southeast Asian countries. Some species of this genus have been used for the treatment of diuretic, stomachic and tonic effects, as well as diarrhea and food poisoning [23] . This plant has been used traditionally to aid digestion and treat ailments in Vietnam [20] . Plants of this genus produce various types of secondary metabolites, including xanthones, triterpenoids, and flavonoids. Some compounds such as prenylated xanthones and anthraquinones isolated from the roots and barks of this plant showed strong antibacterial activities against several bacteria including B. subtilis, S. aureus, and P. aeruginosa [23] . In this study, the methanol extract of the leaves of C. formosum ssp. pruniflorum also displayed a broadspectrum and potent antibacterial activity against all the bacterial strains tested. The antibacterial activity of this extract is likely to be associated with the presence of these compounds.
This study also indicates that methanol extract of P. tithymaloides leaves possesses a broad-spectrum antibacterial activity against all the test bacterial strains. The previous studies of Vidotti et al. [24] and Ghosh et al. [25] showed the same behavior of its methanol and ethanol extracts against B. subtilis, S. aureus, E. coli, and P. aeruginosa, but the methanol extract in our study is less effective against the Gram-negative strains.
In this study, the methanol extract of P. cablin was found to be active against all the bacterial strains tested except P. aeruginosa. However, polar solvent extracts (ethanol, methanol, and aqueous) of this plant did not form growth inhibition zones against S. aureus, E. coli, and P. aeruginosa by the disc diffusion method, whereas its hexane extract did [26] . In addition, essential oil and its major compounds from this plant showed a broadspectrum antibacterial against various bacterial strains including B. subtilis, S. aureus, E. coli, and P. aeruginosa [27, 28] . The results of this study are in agreement with the literature reports.
Most of the previous studies reported the use of different methods or bacterial species, therefore, a direct comparison of literature data with our present study was difficult. The contrasting results might be largely attributed to the different locations where the plants were collected and the solvent used in the extraction.
Conclusions
All the plant species evaluated in this study are currently used traditionally for the treatment of various infectious diseases (Table 1) , and showed promising antibacterial activity against the Gram-positive bacteria including B. cereus, B. subtilis, and S. aureus. The antibacterial activity of B. frutescens was highly significant with the MIC values of 62.5 μg/ml. Furthermore, this is the first study to report the antibacterial activities of C. vitalba. Further phytochemical studies are necessary to provide relevant information for the development of these plants as potential effective treatments against bacterial infections and diseases. Finally, the results of this study clearly elucidate the antibacterial activities of these plants and provide an evidence to support their use in folk medicine.
